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Quantum Zeno and anti-Zeno effects are studied in an asymmetric nonlinear optical coupler composed of a
probe waveguide and a system waveguide. The system is a nonlinear waveguide operating under non-degenerate
hyper-Raman process, while both the pump modes in the system are constantly interacting with the probe
waveguide. The effect of the presence of probe on the temporal evolution of the system in terms of the number
of photons in Stokes and anti-Stokes modes as well as phonon number is quantified as Zeno parameter. The
negative (positive) values of the Zeno parameter in the specific mode are considered as the signatures of the
quantum Zeno (anti-Zeno) effect in that mode of the system. It is observed that the phase mismatch in Stokes
and anti-Stokes generation processes can be controlled to induce a transition between quantum Zeno and anti-
Zeno effects for both off-resonant and resonant hyper-Raman process. However, in case of off-resonant hyper-
Raman process in the system waveguide, the frequency detuning parameters can also be used analogously to
cause the desired crossover. Further, the general nature of the physical system and the perturbative technique
used here allowed us to analytically study the possibilities of observing quantum Zeno and anti-Zeno effects in
a large number of special cases, including situations where the process is spontaneous, partially spontaneous
and/or the system is operated under degenerate hyper-Raman process, or a simple Raman process.
I. INTRODUCTION
The response of a quantum system to a measuring device,
cannot only distinctively distinguish a quantum system from
a classical system, it also plays an extremely important role
in the subsequent evolution of the system. Interestingly, suf-
ficiently frequent interactions can even suppress the time evo-
lution. This phenomenon of suppressing (inhibition of) the
time evolution of a quantum system by frequent interaction is
known as the quantum Zeno effect (QZE) [1]. It was intro-
duced by Mishra and Sudarshan in 1977[1], in an interesting
work, where they showed that if an unstable particle is con-
tinuously measured, it will never decay. They realized that
this situation is analogous to one of the well-known Zeno’s
paradoxes which were introduced by the Greek philosopher
Zeno of Elea in the 5th century BC and which have persis-
tently fascinated scientists and philosophers since then. Con-
sidering the analogy, Mishra and Sudarshan referred to the
quantum phenomenon analogous to classical Zeno’s paradox
as Zeno’s paradox in quantum theory. This led to the formal
origin of QZE, but the quantum analogue of Zeno’s paradox
was also studied before the work of Mishra and Sudarshan
[1]. Specifically, Khalfin had studied nonexponential decay
of unstable atoms [2] in the late fifties and early sixties. In-
terestingly, it was soon recognized that measurement can also
lead to a phenomenon which can be viewed as the inverse of
QZE. In such a phenomenon, continuous measurement (or in-
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teraction) leads to the enhancement of the evolution instead
of the inhibition (see Refs. [3–8]) and is referred to as quan-
tum anti-Zeno effect (QAZE) or inverse Zeno effect. Interest-
ingly, QZE and QAZE are known to be evinced through vari-
ous equivalent ways [9]. For the present work, a particularly
relevant manifestation of QZE would be one in which QZE or
QAZE is viewed as a process led by continuous interaction be-
tween a system and a probe. Specifically, in what follows, we
aim to study the continuous interaction-type manifestation of
QZE in hyper-Raman processes, where it will be considered
that a nonlinear waveguide is operating under non-degenerate
hyper-Raman process and is continuously interacting with a
probe waveguide. A change in the dynamics of the nonlinear
system waveguide due to the presence of the probe waveg-
uide is quantified as increase/decrease in the photon numbers
of Stokes and anti-Stokes modes as well as phonon number.
Earlier, QZE is reported by some of the present authors in Ra-
man process [10], an asymmetric and a symmetric nonlinear
optical couplers [6, 8], and parity-time symmetric linear op-
tical coupler [7]. However, it was never been studied in the
systems involving hyper-Raman process due to its intrinsic
mathematical difficulty.
Apart from the Raman process, QZE and QAZE has already
been studied in various optical systems, like various types
of optical couplers [6, 10–13], parametric down-conversion
[14–16], parametric down conversion with losses [17], an ar-
rangement of beam splitters [18]. In these studies on QZE
in optical systems, often the pump mode has been considered
strong, and thus the complexity of a completely quantum me-
chanical treatment has been circumvented. Keeping this in
mind, here we plan to use a completely quantum mechani-
cal description of the nonlinear optical coupler composed of
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2a probe and a nonlinear waveguide operating under hyper-
Raman process. We have considered a general Raman process
here, namely non-degenerate hyper-Raman process, which al-
lows us to reduce the corresponding results for Raman and
degenerate hyper-Raman processes.
For about two decades, since the pioneering work of Mishra
and Sudarashan, QZE remained as a problem of theoretical in-
terest without any practical applications. The scenario started
changing from the beginning of nineties as it became possible
to experimentally realize QZE using different routes [19–21].
This enhanced the interest on QZE and that in turn led to many
new proposals for applications of QZE [19, 22–25]. For ex-
ample, applications of QZE were proposed for the enhance-
ment of the resolution of absorption tomography [24, 25],
reduction of communication complexity [26], in combating
decoherence by confining dynamics in decoherence-free sub-
space [27]. Further, proposals for quantum interrogation mea-
surement [19] and counterfactual direct quantum communica-
tion protocol [23, 28] using QZE have garnered much atten-
tion. Efforts have also been made to investigate QZE in the
macroscopic world for large black holes [29] and in nonlinear
waveguides in the context of stationary flows with localized
dissipation [30]. Inspired by these applications of QZE, a gen-
eral nature of the nonlinear (non-degenerate hyper-Raman)
process under consideration, and availability of nonlinear op-
tical couplers in integrated optics and optical fiber [31, 32],
here we study the possibility of QZE and QAZE using a com-
pletely quantum treatment in an asymmetric nonlinear optical
coupler.
Using a perturbative technique (known as Sen-Mandal tech-
nique [33–36]) for obtaining an operator solution of Heisen-
berg’s equations of motion, we have obtained closed form an-
alytic expressions for the spatial evolution of the relevant field
operators present in the system momentum operator that pro-
vides a completely quantum mechanical description of non-
linear optical coupler composed of the probe and a nonlin-
ear waveguide operating under hyper-Raman process. It is
well established that this method produces better results com-
pared to the conventional short-length approach [33–36] as
the present solution is not restricted by length/time. In what
follows, we will see that the use of this perturbative technique
has revealed compact analytic expressions for Zeno parame-
ter which clearly illustrate that in the system under considera-
tion (and in many special cases of it), it is possible to observe
QZE and QAZE in Stokes, anti-Stokes, and phonon modes for
the suitable choices of system parameters. Further, it will be
shown that phase mismatch and frequency detuning param-
eters can be controlled to execute a crossover between QZE
and QAZE.
The rest of the paper is organized as follows. In Section II,
we briefly describe the hyper-Raman process based asymmet-
ric nonlinear optical coupler system of our interest. Subse-
quently, we report the expressions of Zeno parameter for both
photon and phonon modes in system in Section III. A detailed
discussion of the obtained results is summarized in Section
IV. Finally, the paper is concluded in Section V.
II. PHYSICAL SYSTEM
The physical system of our interest is actually a codi-
rectional asymmetric nonlinear optical coupler composed
of a probe and a system, which is a nonlinear waveguide
operating under hyper-Raman process (see Fig. 1 for a
schematic diagram). The momentum operator of the complete
(probe+system) physical system is given by
G = ωpa
†
pap + ωa1a
†
1a1 + ωa2a
†
2a2 + ωbb
†b+ ωcc†c+ ωd
× d†d+
(
ga1a2b
†c† + χa1a2cd† + Γapa
†
1a
†
2 + H.c.
)
,
(1)
where ~ = 1 (the same convention is used in the rest of the pa-
per), and H.c. stands for the Hermitian conjugate. The annihi-
lation (creation) operators ap(a†p), ai(a
†
i ), b(b
†), c
(
c†
)
, and
d(d†) correspond to the probe pump (indexed by subscript
p), non-degenerate hyper-Raman laser (this is also a pump,
but it is indexed by subscript i = 1, 2 to distinguish from
the probe pump), Stokes, vibration (phonon), and anti-Stokes
modes, respectively. All field operators introduced here, obey
the usual bosonic commutation relation. Frequencies corre-
sponding to the probe, Pump 1 and 2, Stokes, phonon and anti-
Stokes modes are denoted by ωp, ωa1 , ωa2 , ωb, ωc, and ωd,
respectively. The Stokes and anti-Stokes coupling constants
are described by parameters g and χ, respectively. Further,
Γ denotes the interaction constant between the probe and the
two pump modes present in the hyper-Raman process in the
system. We obtain the Heisenberg’s equations of motion for
the momentum operator (1) of the system of interest, which
gives us six coupled differential equations for the six bosonic
operators present in the expression of the momentum operator.
To obtain the spatial evolution of all the operators we use Sen-
Mandal perturbative technique as dimensionless quantities gz,
χz, and Γz are small compared to unity. In Appendix A, we
have reported the analytic operator solution of the Heisen-
berg’s equations of motion using the Sen-Mandal technique
and spatial evolution of the relevant field operators including
number operators for Stokes, anti-Stokes, and phonon modes.
In the next section, we will show that the obtained number
operators would provide us analytic expressions of Zeno pa-
rameter for the respective modes. The general nature of the
solution and the process under consideration allow us to de-
duce the results for Raman and degenerate hyper-Raman pro-
cesses as well as corresponding short-length solution in the
limiting cases. Further, the present solution inherently intro-
duces frequency detuning parameters in the Stokes and anti-
Stokes generation, and thus provides solutions for both reso-
nant and off-resonant set of Raman processes.
III. QUANTUM ZENO AND ANTI-ZENO EFFECT
In order to investigate the QZE and QAZE in hyper-Raman
active medium we consider the initial composite coherent
state |ψ(0)〉 as the product of the initial coherent states of
probe, pump, Stokes, phonon and anti-Stokes modes as |α〉,
|αj〉, |β〉, |γ〉, and |δ〉, respectively. Hence the initial state is
3z
Probe
System
ap(0)
a1(0), a2(0), b(0), d(0)
ap(z)
a1(z), a2(z), b(z), d(z)
c(z′) g, χ
Γ
L
Figure 1. (Color online) Schematic diagram of an optical coupler of length L composed a system waveguide, operating under non-degenerate
hyper-Raman process, interacting with a probe. The coupling coefficients as well as optical and phonon modes are indicated in the diagram.
considered to be
|ψ(0)〉 = |α〉 ⊗ |α1〉 ⊗ |α2〉 ⊗ |β〉 ⊗ |γ〉 ⊗ |δ〉 , (2)
and the field operator ap operating on the initial state gives
ap(0) |ψ(0)〉 = α |α〉 ⊗ |α1〉 ⊗ |α2〉 ⊗ |β〉 ⊗ |γ〉 ⊗ |δ〉 ,
(3)
where α = |α| eiϕp is the complex eigenvalue with |α|2
mean number of photons and ϕp phase angle in the probe
mode a. In the similar manner, coherent state parameters for
all the optical and phonon modes involved in the hyper-Raman
process can be defined as Λj = |Λj | eiϕj for complex ampli-
tudes Λj : Λ ∈ {α, β, γ, δ} and corresponding phase angle
ϕj with j ∈ {1, 2, b, c, d} for the non-degenerate Pump-1 and
Pump-2, Stokes, phonon, and anti-Stokes modes, respectively.
We define the Zeno parameter as [6–8]
Zi = 〈Ni〉 − 〈Ni〉Γ=0 , (4)
where i ∈ {b, c, d} and N is the number operator. The condi-
tions Zi < 0 and Zi > 0 correspond to the occurrence of QZE
and QAZE in ith mode. Clearly, the negative (positive) val-
ues of the Zeno parameter represent that the number of pho-
ton/phonons in the system waveguide (i.e., 〈Ni〉) decreases
(increases) from that in the absence of the probe waveguide
(i.e., 〈Ni〉Γ=0). We have reported the dynamics of number
operators for Stokes, anti-Stokes, and phonon modes in Ap-
pendix A. In what follows, we report the Zeno parameters for
Stokes, anti-Stokes, and phonon modes obtained using these
expressions.
To begin with, using Eq. (A2) in Eq. (4), the Zeno parame-
ter for the Stokes mode is computed as
Zb = Cb
{
cos θ2
ΔωS(ΔωD+ΔωS)
+ cos(ΔωSz+ΔωDz−θ2)ΔωD(ΔωD+ΔωS)
− cos(ΔωSz−θ2)ΔωDΔωS
}
,
(5)
where we have used phase mismatches with probe–Stokes
and probe–anti-Stokes process as θ1 = (ϕd − ϕp − ϕc) and
θ2 = (ϕp − ϕb − ϕc), respectively. Also, we have Cb =
2Γg
(
|α1|2 + |α2|2 + 1
)
|α| |β| |γ|. Similarly, we have intro-
duced frequency detuning parameters in Stokes, anti-Stokes,
and second-order coupling between the probe and system
waveguides as ∆ωS = −ωa1 − ωa2 + ωb + ωc, ∆ωA =
ωa1 + ωa2 + ωc − ωd, and ∆ωD = ωa1 + ωa2 − ωp.
In the similar manner, the Zeno parameter for the anti-
Stokes mode is computed using Eqs. (4) and (A4) and the
following analytic expression is obtained
Zd = Cd
{
cos θ1
ΔωA(ΔωA−ΔωD) −
cos(θ1+ΔωDz−ΔωAz)
ΔωD(ΔωA−ΔωD)
+ cos(θ1−ΔωAz)ΔωDΔωA
}
,
(6)
where Cd = 2Γχ
(
|α1|2 + |α2|2 + 1
)
|α| |γ| |δ|. Zeno pa-
rameter for the phonon mode was also computed analytically
using Eqs. (4)-(A3), but it was found that the same can be
expressed as the difference of the other two Zeno parameters,
i.e.,
Zc = Zb − Zd. (7)
This is a direct consequence of the conservation law:
[G,Nc +Nd −Nb] = 0, and thus using this constant of mo-
tion [37] Eq. (7) follows. Apparently, this should be the
case with degenerate hyper-Raman and Raman processes in
the system, too, provided the probe-system interaction is with
the pump mode, however, the probe-system interaction may
be with the Stokes and anti-Stokes modes as in the case of
earlier works [10].
IV. DISCUSSION
There are some interesting scenarios to consider for the
present study, namely spontaneous, stimulated, and partially
stimulated cases. Specifically, from the expressions of Cj , we
can easily observe that in the spontaneous case, when αi 6=
0, α 6= 0 and β = γ = δ = 0, Zj = 0 ∀j ∈ {b, c, d}. Thus,
neither QZE nor QAZE is observed in the spontaneous case.
The stimulated case, i.e., when all coherent modes are initially
40.00 0.02 0.04 0.06 0.08 0.10
0
π
2
π
3π
2
2π
gz
θ 2
-138.6-99.0
-59.4-19.8
19.8
59.4
99.0
138.6
(a)
0.00 0.02 0.04 0.06 0.08 0.10
0
π
2
π
3π
2
2π
gz
θ 1
-172.2-123.0
-73.8-24.6
24.6
73.8
123.0
172.2
(b)
0.00 0.02 0.04 0.06 0.08 0.10
0
π
2
π
3π
2
2π
gz
θ i
-34.86-24.90
-14.94-4.98
4.98
14.94
24.90
34.86
(c)
0 π2 π 3π2 2π0
π
2
π
3π
2
2π
θ1
θ 2
-310.8-222.0
-133.2-44.4
44.4
133.2
222.0
310.8
(d)
Figure 2. (Color online) Spatial evolution of Zeno parameter Zj for (a) Stokes, (b) anti-Stokes, and (c)-(d) phonon modes as a function
of the phase mismatch parameter θi. In (c), we have shown Zc (θ1 = θ2). We have chosen here coupling coefficients χ = 10g, Γ =
100g with initial coherent state amplitudes for all modes α = 11, α1 = 10, α2 = 9.5, β = 8, γ = 0.01, δ = 1. We have also used
∆ωS = ∆ωA = 10
−2g = 10∆ωD . The dashed (red) contour lines represent a crossover between QZE and QAZE. All the quantities shown
here and the rest of the plots are dimensionless.
prepared with non-zero intensity, will be discussed in detail
later. Prior to that, we may discus the partially stimulated
cases, where among Stokes, anti-Stokes and phonon modes,
initial intensity is nonzero for at most two modes and the same
for other modes(s) is zero; of course the pump modes have
nonzero initial intensity. Consider a particular type of stimu-
lated case, where αi 6= 0, α 6= 0 and β 6= 0, γ 6= 0, δ = 0.
In this case, we obtain Zd = 0 6= Zb = Zc; while with
αi 6= 0, α 6= 0 and β = 0, γ 6= 0, δ 6= 0 we obtain
Zd = −Zc 6= 0 = Zb. Thus, in the first type of partially
stimulated case mentioned above, for a particular choice of
phase mismatching and frequency detuning parameters, if we
observe QZE (QAZE) in Stokes mode, we will observe QZE
(QAZE) in phonon mode, too, but the anti-Stokes mode will
not show any of the effects. Similarly, in the second type of
partially stimulated case, for a particular choice of phase mis-
matching and frequency detuning parameters, if we observe
QZE (QAZE) in anti-Stokes mode, we will observe QAZE
(QZE) in phonon mode, Stokes mode will not show any of the
effects. The other possibility of partially stimulated process
with αi 6= 0, α 6= 0 and β 6= 0, γ = 0, δ 6= 0 leads to a
trivial case where Zj = 0 as Cj ∝ |γ| ∀j ∈ {b, c, d}. There
are a couple of other possibilities where two of the parameters
α, β, γ are simultaneously zero. It is easy to see that neither
QZE nor QAZE will be observed in those cases. Specifically,
for β = 0, γ = 0, δ 6= 0 and β 6= 0, γ = 0, δ = 0, we would
not obtain QZE or QAZE in any mode as γ = 0 would ensure
that Zj = 0∀j ∈ {b, c, d}. The same situation will arise in
the case β = 0, γ 6= 0, δ = 0 as Cj will vanish ∀j ∈ {b, c, d}.
From Eqs. (5)-(6), we can verify that Cj ∝
2Γ
(
|α1|2 + |α2|2 + 1
)
|α| |γ| ∀j ∈ {b, c, d} which is al-
ways positive and increases with coupling between the probe
and system as well as initial pump and probe intensities and
phonon numbers. Additionally, we can verify that Cb ∝ g |β|
and Cd ∝ χ |δ|. Thus, we can conclude that the coefficients
Cj can only alter the depth of Zeno parameters by a scaling
factor, but cannot induce a transition from QZE to QAZE or
vice-versa. Therefore, we can summarize that the occurrence
5of QZE or QAZE would depend only on the detuning param-
eters and phase mismatches, i.e., we can safely restrict our
discussion on the possibility of observing QZE and QAZE
to a situation where the parametric dependence of the rele-
vant Zeno parameters is viewed as Zb (ΔωD,ΔωS , θ2) and
Zd (ΔωD,ΔωA, θ1). This analytic result helps us to clearly
visualize the interplay between QZE and QAZE, and it also
answers: What controls the dynamics of QZE and QAZE
and which physical parameters may cause transition from
one of them to the other? Before we discuss it further, it is
worth discussing the behavior for resonant hyper-Raman sys-
tem waveguide.
Considering the resonant condition that ΔωD = ΔωS =
ΔωA = 0 we can obtain from Eqs. (5)-(7), in the limits of
frequency detunings tending to zero, that
(Zb)R = −
1
2
Cbz2 cos θ2 (8)
and
(Zd)R = −
1
2
Cdz2 cos θ1, (9)
where R corresponds to the resonant condition. Notice that
phase difference parameters are significant in the presence of
QZE and QAZE as (Zj)R ∝ − cos θi, while the depth of
the Zeno parameters increases with Cj and propagation length
z. We know that cos θi > 0 ∀θi ∈
{[
0, pi2
] ∪ [ 3pi2 , 2pi]} and
cos θi < 0 ∀θi ∈
{[
pi
2 ,
3pi
2
]}
. Thus, QAZE (QZE) is observed
in both Stokes and anti-Stokes modes when cos θi is negative
(positive). In this case, (Zc)R = − (Cb cos θ2 − Cd cos θ1) z2,
which has dependence on both phase difference parameters.
If we consider θ1 = θ2, this will reduce to (Zc)R|θ1=θ2 =
− (Cb − Cd) z2 cos θi, and thus, in this special case, QZE
(QAZE) would be observed in phonon mode if gχ >
|δ|
|β|(
g
χ <
|δ|
|β|
)
. Interestingly, most of the observations made here
regarding phase mismatch parameters are also applicable in
off-resonant hyper-Raman case with small frequency detun-
ings (cf. Fig. 2).
Consider a special case of off-resonant hyper-Raman pro-
cess in the system waveguide, when ΔωD = ΔωS = −ΔωA
corresponding to phonon excitation. Here, ΔωS = −ΔωA
ensures the phonon excitation as 2ωc = ωd − ωb. In this case,
Eqs. (5)-(7) can be simplified to obtain
Zj = − 12Cjz2 cos
(
ΔωDz + (−1)iθi
)
sinc2
(
ΔωDz
2
)
,
(10)
where i = 1 for j = d and i = 2 for j = b. It clearly
shows that the general solution used here is modulated with
sinc function of the frequency detuning parameter [38, 39].
Consequently, the present solution and corresponding results
are applicable to a relatively long length of the optical cou-
pler in comparison to the corresponding short-length solution.
Notice in Eq. (10) that Zj ∝ cos
(
ΔωDz + (−1)jθi
)
, and
thus a crossover between QZE and QAZE can be attained
by controlling the frequency detuning ΔωD. Therefore, if
we assume phase mismatch parameter θi = 0, we can con-
clude that Zj is negative (i.e., QZE is observed) only when
ΔωDz ∈
{[
0, pi2
] ∪ [ 3pi2 , 2pi]}, otherwise QAZE is observed.
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Figure 3. (Color online) Spatial evolution of Zeno parameter Zj as
a function of frequency detuning parameter for (a) Stokes, (b) anti-
Stokes, and (c) phonon modes considering both phase mismatch pa-
rameters θi = 0 with ∆ωD = 10−3g and ∆ωA = ∆ωS . The rest of
the parameters are same as in the previous figure.
To further stress on this point, we have shown variation of
the Zeno parameters with frequency detuning parameters in
Fig. 3, where we can clearly see that a transition from QZE
(QAZE) to QAZE (QZE) can be caused in both optical modes
(phonon mode) for large values of frequency detuning after
traversing sufficiently through the optical coupler. In all the
plots, we have considered ΔωS = ΔωA (unless stated other-
wise) corresponding to the conservation of radiation energy as
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Figure 4. (Color online) Variation of Zeno parameters as a function of frequency detuning parameters for (a) Stokes Zb (∆ωS ,∆ωD), (b) anti-
StokesZd (∆ωA = ∆ωS ,∆ωD), (c) phononZc (∆ωA = ∆ωS ,∆ωD), and (c) phononZc
(
∆ωS ,∆ωA,∆ωD = 10
−3g
)
modes considering
both phase mismatch parameters θi = 0 and gz = 0.1. The rest of the parameters are same as the previous figure.
2 (ωa1 + ωa2) = ωb + ωd.
Taking into consideration both frequency detuning parame-
ters together (considering there is no phase mismatch), a tran-
sition from QZE to QAZE in Stokes mode can be induced for
smaller values of the detuning parameter than that shown in
Fig. 3 (a) by increasing the other detuning parameter (shown
in Fig. 4 (a)). In contrast, QZE for anti-Stokes mode can
be maintained for larger values of frequency detuning in anti-
Stokes generation by increasing the value of frequency detun-
ing between the pump modes of the system and probe waveg-
uides (cf. Figs. 3 (b) and 4 (b)). Similarly, QAZE can be
made more dominant by increasing frequency detuning be-
tween the pump modes of the system and probe as shown in
Fig. 4 (c). Interestingly, frequency detuning in Stokes and
anti-Stokes generation processes have starkly opposite effects
on the Zeno parameter as the former increases it while the lat-
ter decreases it (cf. Fig. 4 (d)).
Further extension of the present results with phonon mode
initially coherent to the chaotic phonon mode [38] gives that
all the Zeno parameters become zero. Our results can also be
used to deduce the presence of QZE and QAZE for degenerate
hyper-Raman and Raman system waveguides from Eqs. (5)-
(7) by considering α2 = α1 and α2 = 0, respectively. There-
fore, we can conclude from the reduced results in those cases
that the presence of QZE and QAZE in the parametric space
will remain unchanged, though some changes in the depth of
the Zeno parameter is expected due to changes in the scaling
factors Cj .
V. CONCLUSION
The dynamics of a nonlinear waveguide operating under
hyper-Raman process is obtained in terms of the spatial evo-
lution of the photon and phonon numbers of the Stokes,
anti-Stokes, and vibration modes. We subsequently consider
that this waveguide (referred to as a system) is constantly
gazed upon by a probe waveguide interacting with the non-
degenerate pump modes of the hyper-Raman process. We ob-
tain the dynamics of the system waveguide in this combined
system-probe optical coupler in a completely quantum treat-
ment by solving the Heisenberg’s equations of motion for the
7corresponding momentum operator. These two cases allow us
to quantify the effect of the presence of the probe waveguide
on the system waveguide as Zeno parameter. Specifically,
if the presence of the probe is found to enhance (suppress)
the generation of bosons in Stokes, anti-Stokes, and phonon
modes it is referred to as QAZE (QZE).
The conservation of Stokes–anti-Stokes photon and phonon
numbers is reflected in the relation between the Zeno param-
eters for the concerned modes. To be specific, the Zeno pa-
rameter for the phonon mode is the difference between that of
the Stokes and anti-Stokes modes. The present study allows
us to conclude that both QZE and QAZE disappear in spon-
taneous and some of the partially stimulated cases. Interest-
ingly, the Zeno parameter depends on the intensities of pump,
probe, and phonon modes as well as the system-probe cou-
pling strength. However, none of these parameters can cause
a crossover from QZE to QAZE and vice versa, as they always
remain positive and thus can only alter the depth of the Zeno
parameter. A similar effect was shown by the spatial evolution
for the small values of frequency detuning parameters.
Interestingly, the hyper-Raman based optical coupler both
at resonance and off-resonance shown dependence on phase
mismatch parameters in Stokes and anti-Stokes generation
processes. Similarly, the frequency detuning parameters of-
fer another set of control parameters to induce a transition
between QZE and QAZE. In short, we have analytically ob-
tained solution of an interesting question: Which physical pa-
rameters controls the dynamics of QZE and QAZE and which
of them can cause a transition from QZE to QAZE and vice
versa.
Due to a general nature of the system under consideration,
namely non-degenerate hyper-Raman process, the obtained
results can be reduced to corresponding Raman and degen-
erate hyper-Raman processes. Specifically, the dependence
on all the parameters and the nature of the Zeno parameter in
these special cases is expected to be similar to the present case
with only a scaling factor. We conclude the present work in
hope that this work focused on foundationally relevant topic
will lead to applications in counterfactual quantum commu-
nication and computation as the physical system considered
here and all its special cases are physically realizable using
current technologies available in the domain of integrated op-
tics as well as conventional bulk optics.
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Appendix A: Mathematical details of the solution
The Heisenberg’s equations of motion for all six modes in
the probe and system waveguides can be obtained as
.
ap (z) = i (ωpap + Γa1a2) ,
.
a1 (z) = i
(
ωa1a1 + ga
†
2bc+ χa
†
2c
†d+ Γapa
†
2
)
,
.
a2 (z) = i
(
ωa2a2 + ga
†
1bc+ χa
†
1c
†d+ Γapa
†
1
)
,
.
b (z) = i
(
ωbb+ ga1a2c
†) ,
.
c (z) = i
(
ωcc+ ga1a2b
† + χa†1a
†
2d
)
,
.
d (z) = i (ωdd+ χa1a2c) .
(A1)
This set of coupled operator differential equations is not ex-
actly solvable in the closed analytic form. A perturbative so-
lution of the coupled differential equations (A1) is obtained
up to the quardatic terms in the interaction constants (g,χ, and
Γ). Using the obtained spatial evolution of all the field and
phonon modes in the closed analytic form, we obtained the
number operators for Stokes, phonon, and anti-Stokes modes
as
〈Nb〉 = |β|2 + |j2|2 |α1|2 |α2|2
(
|γ|2 + 1
)
+ [{j1j?2α?1α?2
× βγ + j1j?3α?21 α?22 βδ + j1j?4
(
|α1|2 + 1
)
βγ2δ?
+ j1j
?
5 |α2|2 βγ2δ? + j1j?6
(
|α1|2 + 1
)
α?βγ
+ j1j
?
7 |α2|2 α?βγ + j1j?8 |α1|2 |α2|2 |β|2 + j1j?9 |β|2
×
(
|α1|2 + 1
)
|γ|2 + j1j?10 |α2|2 |β|2 |γ|2 + c.c.
}]
,
(A2)
〈Nc〉 = |γ|2 + |k2|2 |α1|2 |α2|2
(
|β|2 + 1
)
+ |k3|2
×
(
|α1|2 + 1
)(
|α2|2 + 1
)
|δ|2 + [{k1k?2α?1α?2βγ
+ k1k
?
3α1α2γδ
? + k1k
?
4
(
|α1|2 + 1
)
α?βγ
+ k1k
?
5 |α2|2 α?βγ + k1k?6 |α1|2 αγδ?
+ k1k
?
7
(
|α2|2 + 1
)
αγδ? + k2k
?
3α
2
1α
2
2β
?δ?
+ k1k
?
8 |α1|2 |α2|2 |γ|2 + k1k?9
(
|α1|2 + 1
)
× |β|2 |γ|2 + k1k?10 |α2|2 |β|2 |γ|2 + k1k?11 |α1|2
× |γ|2 |δ|2 + k1k?12
(
|α2|2 + 1
)
|γ|2 |δ|2
+ k1k
?
13 |α1|2 |α2|2 |γ|2
}
+ c.c.
]
,
(A3)
and
〈Nd〉 = |δ|2 + |l2|2 |α1|2 |α2|2 |γ|2 + [{l1l?2α?1α?2γ?δ
+ l1l
?
3
(
|α1|2 + 1
)
β?γ?2δ + l1l
?
4 |α2|2 β?γ?2δ
+ l1l
?
5α
?2
1 α
?2
2 βδ + l1l
?
6
(
|α1|2 + 1
)
α?γ?δ
+ l1l
?
7 |α2|2 α?γ?δ + l1l?8
(
|α1|2 + 1
)
|γ|2 |δ|2
+ l1l
?
9 |α2|2 |γ|2 |δ|2 + l1l∗10
(
|α1|2 + 1
)
×
(
|α2|2 + 1
)
|δ|2
}
+ c.c.
]
,
(A4)
respectively. The functional form of coefficients of complex
amplitude parameters are
j1 = e
izωb ,
j2
j1
=
g(1−e−iz∆ωS )
∆ωS
,
j3
j1
=
gχ(∆ωA−∆ω1e−iz∆ωS−∆ωSeiz∆ω1)
∆ωA∆ω1∆ωS
,
j4
j1
= j5j1 =
gχ(∆ωA+∆ωSe−iz∆ω2−∆ω2e−iz∆ωS )
∆ωA∆ωS∆ω2
,
j6
j1
= j7j1 =
gΓ(∆ωD+∆ωSe−iz∆ω3−∆ω3e−iz∆ωS )
∆ωD∆ωS∆ω3
,
j8
j1
= − j9j1 = −
j10
j1
=
g2(1−e−iz∆ωS−i∆ωSz)
∆ω2S
,
(A5)
k1 = e
izωc ,
k2
k1
=
g(1−e−iz∆ωS )
∆ωS
,
k3
k1
=
χ(1−e−iz∆ωA)
∆ωA
,
k4
k1
= k5k1 =
gΓ(∆ωD+∆ωSe−iz∆ω3−∆ω3e−iz∆ωS )
∆ωD∆ωS∆ω3
,
k6
k1
= k7k1 =
Γχ(−∆ωD+∆ωAe−iz∆ω4−∆ω4e−iz∆ωA)
∆ωA∆ωD∆ω4
,
k8
k1
= −k11k1 = −k12k1 = −
χ2(1−e−iz∆ωA−i∆ωAz)
∆ω2A
,
k9
k1
= k10k1 = −k13k1 = −
g2(1−eiz∆ωS−i∆ωSz)
∆ω2S
,
(A6)
and
l1 = e
izωd ,
l2
l1
= −χ(1−e
iz∆ωA)
∆ωA
,
l3
l1
= l4l1 =
gχ(∆ωS+∆ωAeiz∆ω2−∆ω2eiz∆ωA)
∆ωS∆ωA∆ω2
,
l5
l1
=
gχ(∆ωS+∆ω1eiz∆ωA−∆ωAeiz∆ω1)
∆ωS∆ω1∆ωA
,
l6
l1
= l7l1 =
Γχ(∆ωD−∆ωAeiz∆ω4+∆ω4eiz∆ωA)
∆ωD∆ωA∆ω4
,
l8
l1
= l9l1 =
l10
l1
= −χ
2(1−e−iz∆ωA+i∆ωAz)
∆ω2A
,
(A7)
where ∆ω1 = (2ωa1 + 2ωa2 − ωb − ωd), ∆ω2 =
(ωb + 2ωc − ωd), ∆ω3 = (ωb + ωc − ωp) , ∆ω4 =
(ωc − ωd + ωp) , ∆ωS = (−ωa1 − ωa2 + ωb + ωc) , ∆ωA =
(ωa1 + ωa2 + ωc − ωd), and ∆ωD = (ωa1 + ωa2 − ωp).
